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Systematic Combination of Oligonucleotides and Synthetic Polymers 
for Advanced Therapeutic Applications

Abstract: The potential of oligonucleotides is exceptional in therapeutics because of

their high safety, potency, and specificity compared to conventional therapeutic agents.

However, many obstacles, such as low in vivo stability and poor cellular uptake, have

hampered their clinical success. Use of polymeric carriers can be an effective approach for

overcoming the biological barriers and thereby maximizing the therapeutic efficacy

of the oligonucleotides due to the availability of highly tunable synthesis and func-

tional modification of various polymers. As loaded in the polymeric carriers, the therapeu-

tic oligonucleotides, such as antisense oligonucleotides, small interfering RNAs,

microRNAs, and even messenger RNAs, become nuclease-resistant by bypassing renal

filtration and can be efficiently internalized into disease cells. In this review, we

introduced a variety of systematic combinations between the therapeutic oligonu-

cleotides and the synthetic polymers, including the uses of highly functionalized

polymers responding to a wide range of endogenous and exogenous stimuli for spa-

tiotemporal control of oligonucleotide release. We also presented intriguing characteristics of oligonucleotides suitable for targeted ther-

apy and immunotherapy, which can be fully supported by versatile polymeric carriers.

Keywords: nucleic acid, gene delivery, polymeric carrier, stimuli-responsive system, immunotherapy.

1. Introduction

Health is one of the most important things in our lives. Cur-

rently, we suffer from the global pandemic, COVID-19 caused

by severe acute respiratory syndrome coronavirus 2,1 and as

our lives can be frequently threatened by various types of dis-

eases, including infectious diseases, genetic disorders, and even

degenerative diseases, developments of their appropriate treat-

ments have attracted a great deal of attention up to date, and

extensive studies are still ongoing.2-4 In particular, oligonucleotide

therapeutics, which employs chemically synthesizable oligonu-

cleotides such as deoxyribonucleic acids (DNAs) and ribonu-

cleic acids (RNAs) as potent therapeutic agents, has proven its

clinical potential in treating various diseases since the first

report in 1978.5 On the basis of the central dogma of molecular

biology, the mechanism of action for this oligonucleotide-based

therapy involves in controlling cellular signals by targeting spe-

cific messenger RNAs (mRNAs) that are translated into the pro-

teins with pathological effects; compared to conventional therapies

relying on small molecules, peptides, and proteins, the oligonu-

cleotide therapy enabling selective regulation of gene expres-

sion demonstrates greater safety, stronger potency, and higher

specificity, along with an unrestricted choice of drug targets.6

Even though various therapeutic oligonucleotides have opened

a new era of disease treatments through their novel and efficient

mechanisms, several problems, including low in vivo stability

and fast renal clearance of the oligonucleotides, still remain.7,8

To address these problems, there have been many studies on the

development of oligonucleotide carriers using a variety of organic

and inorganic materials.9,10 Among them, lipid-based carriers,

including liposomes, have been clinically used for oligonucleotide

delivery as improving tissue penetration.11 Allowing tunable sur-

face modification, inorganic or metal nanoparticles have shown

a long-term stability and a photothermal effect, all of which are

highly advantageous for therapeutic applications of oligonucle-

otides.12 Even spherical forms of nucleic acids have been used

as nanocarriers of therapeutic oligonucleotides; as designed in

a highly oriented manner and recognize other target nucleic

acids, the spherical nucleic acids have been also applied in ther-

anostics.13 

By effective collaboration with functional synthetic polymers,

the oligonucleotide-based therapy can be more powerful.14-16

Polymer-based nanoparticles can secure the loaded oligonu-

cleotides during in vivo circulation, and simultaneously enhance

cellular uptake; for example, polyethylene glycol (PEG) and

polyethylenimine (PEI) have proven their effectiveness in avoid-
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ing renal filtration and interacting with cell membranes for the

maximal therapeutic effect of oligonucleotides. Compared to other

material types of carriers, various polymers (e.g., poly(lactic acid)

(PLA) and poly(lactic-co-glycolic acid) (PLGA)) can be prepared

to be biodegradable and biocompatible for in vivo applications,

and the availability of highly tunable, chemical synthesis and

functional modifications allows the resulting polymers to perform

programmed functions capable of significantly improving the

therapeutic effects of oligonucleotides.17 Elaborate construction

of polymeric carriers is also achievable; surface charge and size

of nanocarriers can be controlled for therapeutic purposes,18,19

and within dendrimers and core-shell structured polymers,

inorganic and metal nanomaterials are encapsulated for fur-

ther employing their diagnostic and therapeutic functions.20,21

Taken together, the versatile polymers could be regarded not

as simple drug carriers, but as effective treatment boosters.

In this review, we presented how oligonucleotides and syn-

thetic polymers can be synergistically combined for therapeutic

applications. First of all, we discussed the distinct advantages of

the oligonucleotide-polymer combination in improving thera-

peutic efficacy and efficiency; to guide specific gene-recognizing

oligonucleotides to be delivered into disease cells, the polymeric

carriers with cell penetration capabilities secure the loaded oli-

gonucleotides against nuclease degradation, simultaneously

prolonging their circulation time. In terms of unique character-

istics of the therapeutic oligonucleotides, we also introduced

what kinds of synthetic polymers have been explored for effective

oligonucleotide delivery, exemplifying a wide range of stimuli-

responsive polymeric systems. Furthermore, we demonstrated

that newly emerging functions of oligonucleotides, such as molecu-

lar recognition and immune response induction, can benefit the

applications of the polymeric drug carriers. Finally, we briefly

discussed the challenges in clinically using the combination of

functional oligonucleotides and polymers toward creation of

the next-generation therapeutic applications.

2. Advantages of combining oligonucleotides and
functional polymers

Strategic combination between therapeutic oligonucleotides

and various polymers is highly valuable for maximizing the thera-

peutic efficacy in oligonucleotide therapy (Figure 1). Based on

Figure 1. Many advantages of combining oligonucleotides with synthetic polymers for therapeutic applications. Specifically designed oligonucle-

otides can be used to inhibit disease-related genes or express therapeutic proteins in our bodies. Various polymeric carriers can be used to

improve the therapeutic efficacy and efficiency of the oligonucleotides; by preventing nuclease degradation and renal filtration, the in vivo stabil-

ity and blood circulation time of the oligonucleotides can be further enhanced, while the availability of co-drug delivery makes synergistic oligo-

nucleotide therapy achievable. Moreover, the cellular uptake of the oligonucleotides can be promoted by the polymeric carriers, and in particular,

the stimuli-responsive polymers enable the localization of oligonucleotide release into disease sites for minimizing side effects. The valuable

polymeric carriers can be multifunctionalized to perform not only the oligonucleotide delivery, but also disease diagnosis and in vivo imaging for

advanced theranostics.
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the flow of genetic information in a biological system from DNA

to RNA to protein, regulation of the transient RNAs can be an

effective approach capable of modulating the levels of proteins

relevant to various diseases.22 To date, there have been several

gene regulation mechanisms mediated by therapeutic oligonu-

cleotides, such as antisense oligonucleotides (ASOs),23 small

interfering RNAs (siRNAs),24 and microRNAs (miRNAs),25 and

their therapeutic effects have been validated by a number of

scientific reports and clinical studies.26 In addition to the thera-

peutic functions, some oligonucleotides, which can form spe-

cific 3D conformations at specific pH and ionic conditions, even

perform molecular recognition like antibodies (e.g., aptamers)27-29

and catalytic reactions like enzymes (e.g., DNAzymes and ribo-

zymes).30,31 Based on dynamic DNA structures (e.g., i-motif and

azobenzene-modified DNA), oligonucleotides themselves serve

as smart nanocarriers.32 These oligonucleotides, however, have

exposed inherent limitations in therapeutically applying them

for in vivo systems, which can be readily addressed by use of

polymeric carriers.26 Compared to viral carriers, the polymeric

oligonucleotide carriers have many different advantages includ-

ing a large capacity in oligonucleotide delivery, structural flexi-

bility in carrier design, and even biological safety in clinical use.33

Furthermore, to respond to unique conditions around abnormal

cells, such as a tumor microenvironment,34,35 they can be func-

tionalized to selectively release the delivered oligonucleotides

at specific sites.

2.1. Specific gene targeting

Using Watson-Crick base-pairing interactions,36 oligonucleotides

can recognize disease-relevant specific genes, thereby exhibit-

ing strong therapeutic effects. As comprising a string of nucleo-

tides including adenine, guanine, cytosine, and thymine (or

uracil), the therapeutic oligonucleotides can be complemen-

tary to target genes as held together by hydrogen bonding. For

therapeutic applications, the oligonucleotides are typically designed to

bind or degrade specific mRNAs, which are destined not to interact

with ribosomes, thereby inhibiting a subsequent translation

process. By silencing mRNAs, there can be no expression of dis-

ease-relevant proteins, alleviating the symptoms of the dis-

ease.37

2.2. Enhancing in vivo stability

Oligonucleotides are unstable in our bodies because of their

rapid degradation by ubiquitous nucleases. To assess their in

vivo stability, the viability of RNAs was tested in clinical sam-

ples, and as a result, the concentration of endogenous RNAs

decreased by more than 99% in blood, serum, and plasma

within 15 seconds.38 Even though DNAs are known to be more

stable than the RNAs, the DNA administration into a mouse

showed that the degradation time of intravenously injected

naked plasmid DNAs (pDNAs) was only 15 minutes.39 In address-

ing this low in vivo stability of oligonucleotides, the complex

formation between the oligonucleotides and biocompatible

polymers have been useful to avoid unwanted interactions with

various blood components including nucleases. In a study, cat-

ionic polymers carrying negatively charged oligonucleotides

have shown more than 650% increase in the degradation time

of the oligonucleotides by blocking the accessibility of nucle-

ases.40

2.3. Prolonging blood circulation time

Renal filtration is a size-dependent removal process of meta-

bolic waste products (e.g., urea and creatinine), but it can also

cause therapeutic agents with a small size and low molecular

weight, including oligonucleotides, to be eliminated from our

bodies, resulting in significant reduction of therapeutic effi-

ciency (Figure 2(A)). Use of polymeric carriers can be a great

way to bypass the renal filtration by increasing the total size of

the complex; it can improve the therapeutic effect of the oligo-

nucleotides by prolonging their circulation time in bloodstream.

Previously, polyethylene glycol (PEG) was conjugated with small

interfering locked nucleic acids (siLNAs) to prolong the blood

circulation time of the oligonucleotides and prevent their urine

excretion.8 To exclude the effect of enzymatic degradation, the

siLNAs (i.e., the modified RNAs with enzymatic resistance)

were used instead of common siRNAs. When the naked siLNAs

and the siLNAs conjugated with 20 kDa PEGs (PEG20k-siLNAs)

were compared each other, the naked siLNAs were degraded

over 90% within 15 minutes, but the PEG20k-siLNAs remained

50% and 25% after 1 h and 2 h, respectively. This result demon-

strated that the PEGylated oligonucleotides can effectively avoid

the renal filtration, thereby lengthening their circulation time

and half-life in the blood stream.

2.4. Cell internalization

The polyplex formation between negatively charged oligonu-

cleotides and cationic polymers is highly effective to improve

the in vivo stability of the oligonucleotides and simultaneously,

their internalization efficiency into cells (Figure 2(B)).23,41 Similar

with the oligonucleotides, the lipid membranes of the cells are

charged negatively, so the repulsive charge interaction makes

the cell internalization of the oligonucleotides significantly challeng-

ing. From this electrostatic point of view, cationic polymers can

not only neutralize the negative charge of oligonucleotides, but

also exhibit an overall positive zeta potential which can strongly

interact with cell membranes; as non-specific endocytosis is

promoted, the cell internalization rate of oligonucleotides can

increase. Moreover, the polymeric carriers can be further proton-

ated within the endosome by the acidic environment, and due

to the proton sponge effect that facilitates the influx of counte-

rions and water molecules at the endosomal pH, the membrane

of the endosome can be disrupted;42 consequently, the endocy-

tosed oligonucleotides can readily escape from the endosome,

leading to the improvement of their therapeutic efficiency.

2.5. Co-drug delivery

Co-delivery systems are effective for immunotherapy and can-

cer therapy by promoting a synergistic effect of therapeutic oli-

gonucleotides;43-45 specific design of block copolymers allows
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the resulting polymeric carriers to carry multiple types of drugs,

regardless of their hydrophobicity and hydrophilicity. Many

studies have reported that chemotherapy drugs have a greater

effect on cancer therapy when combined with oligonucleotide

therapy.46 Similarly, the therapeutic effect of immunotherapy is

also known to be magnified by delivering immune-inducing

antigens and immune-enhancing CpG oligodeoxynucleotides

together.47 In the co-delivery system, block copolymers can be

synthesized for well-defined structures suitable for loading all

the required therapeutic agents. For example, as amphiphilic

block copolymers can form micelles, hydrophobic drugs are

condensed into the hydrophobic inner core, and negatively

charged oligonucleotides are loaded onto the cationic shell.48,49

2.6. Responding to specific stimuli

Polymeric carriers can be smart enough to perform spatiotem-

poral control of loaded oligonucleotides in response to various

stimuli, such as pH, temperature, and even levels of reactive oxygen

species (ROS).50,51 When the oligonucleotide-loaded polymers

arrive at disease sites, the therapeutic oligonucleotides should

be selectively unloaded to exclude side effects (e.g., killing nor-

mal cells). For example, as the pH around tumors (6.6~6.8) is

lower than physiological pH (~7.4), pH-responsive polymeric

carriers can be highly useful to localize the release of therapeu-

tic oligonucleotides around the tumors.52 Moreover, the poly-

plexes are typically internalized into the cells through non-

specific endocytosis, so their endosomal escape should be fol-

lowed to prevent lysosomal degradation of the oligonucle-

otides. In this regard, synthetic polymers can be designed to

increase the transfection efficiency of delivered oligonucle-

otides into target cells; by responding to environment-specific

stimuli, they can selectively release the therapeutic oligonucle-

otides at specific locations, such as tumors and inflammation

cells, thereby maximizing the therapeutic efficiency of oligonu-

cleotide therapy.

2.7. Multifunctionalization

Some oligonucleotides are capable of recognizing biological

molecules, such as proteins and metabolites, and even performing

enzymatic reactions,53-55 so the capability of polymeric carriers

can be further enhanced and multiplexed as coupled with such

functional oligonucleotides. Even though the oligonucleotides can

be chemically produced by solid-phase synthesis, the sequence-

defined structures can fold into unique conformations at phys-

iological environments; like monoclonal antibodies or mem-

brane receptors, aptamers selectively bind to target molecules,56

and like biological enzymes, nucleozymes conduct biocatalytic

reactions.28 For instance, some aptamers are capable of specifi-

cally recognizing cancer cells and have been used as active tar-

geting agents for various drug delivery systems.57 As the biological

functions cannot be achieved by typical polymers, so system-

atic combination of functional oligonucleotides and polymers

can expand the versatility of the polyplex in therapeutic appli-

cations.58,59

3. Polymeric carrier-based oligonucleotide delivery

Even though the potential of oligonucleotide therapeutics has

been widely investigated by exploring the unique characteris-

tics of oligonucleotides (e.g., specific gene recognition and induc-

tion of gene silencing), the negatively charged and vulnerable

oligonucleotides are susceptible to decomposition by enzymes

in our bodies, causing the low efficiency of cellular uptake.11,60

By employing functionalized polymers, we can compensate for

the drawbacks of the therapeutic oligonucleotides;61 for example,

the polymers with a large hydrodynamic volume (e.g., PEGs) pro-

tect them from enzymatic digestion and reduce their immuno-

genicity, while cationic polymers (e.g., polyethylenimine (PEI))

can improve the cellular uptake efficiency of the oligonucle-

otides by electrostatically interacting with negatively charged

cell membranes (Figure 2).23 In this chapter, we introduced

various therapeutic oligonucleotides that can be readily loaded

into polymeric carriers and subsequently delivered inside the

cells. To maximize the therapeutic efficacy of the oligonucleotides,

a broad range of smart polymeric systems that can respond to

various stimuli have been developed to date, so we also introduced

their applications for advanced oligonucleotide drug delivery.

3.1. Therapeutic oligonucleotides as cargo molecules

Oligonucleotides can perform various therapeutic functions,

such as gene inhibition, gene activation, vaccination, and even

gene editing, through modulating gene expression. Typically,

the oligonucleotide therapeutics relies on several forms of oli-

gonucleotides, including ASO, siRNA, miRNA, and mRNA (Fig-

ure 3). Whereas ASO, siRNA, and miRNA are delivered into the

cytoplasm to target specific mRNA for gene expression inhibi-

tion, mRNA as a therapeutic agent induces gene expression as

delivered inside the cells.62,63 Their structural differences are

distinct; for instance, ASO is a form of a single strand, but siRNA

and miRNA hold a duplex structure with a short length, while

mRNA is a much longer single strand. In consideration of these

differences, a variety of polymeric carriers have been exten-

sively studied.64

3.1.1. ASO

The first ASO therapy was reported in the late 1970s, and since

then, a number of studies on the ASO therapy have been demon-

strated.65,66 As the ASO structure is short and single-stranded,

the chemical modification of ASOs is relatively easy, taking advan-

tage of the advances in nucleotide chemistry. For instance,

introduction of chemical modifications, such as phosphoro-

thioate backbones, 2'-O-methoxyethyl ribose sugars, and N-

Acetylgalactosamine, into the ASOs led them to be less vulnera-

ble to nucleases and more probable to be endocytosed by cells.67

However, it cannot be sufficient for the in vivo use of the thera-

peutic ASOs; along with the chemical modifications, the combi-

nation of the ASOs with polymeric carriers has been considered

to protect the loaded ASOs for successfully inhibiting target

genes within the cells.68,69 In particular, polymeric nanoparti-

cles can be positively charged to enhance the cellular uptake of

ASOs,70 and by controlling the degradation rate of the polymeric



Macromolecular Research

Macromol. Res., 29(10), 665-680 (2021) 669 © The Polymer Society of Korea and Springer 2021

Figure 2. Polymeric strategies to overcome the barriers of in vivo oligonucleotide delivery. (A) Oligonucleotide PEGylation to avoid renal filtra-

tion. Due to the small size, oligonucleotides are rapidly cleared by the renal filtration process, leading to urine secretion. By PEGylation, the

hydrodynamic volume of the oligonucleotides can be enlarged, thereby prolonging their circulation time in blood. (B) Use of cationic polymers to

promote cellular uptake. As both oligonucleotides and cell membranes are negatively charged, electrostatically repulsive interactions occur, mak-

ing the oligonucleotides difficult to be internalized into cells. Cationic polymers, such as polyethylenimine, can be complexed with the anionic oli-

gonucleotides, making the net charge of the resulting polyplex advantageous for the following cellular uptake. Once internalized into the endosome,

the polymeric carriers begin to be protonated at the endosomal pH, causing the membrane disruption by the influx of counterions and water molecules. As

resulted by the proton sponge effect, the therapeutic oligonucleotides escape from the endosome and diffuse into the cytoplasm.

Figure 3. Therapeutic mechanisms of several oligonucleotides and the roles of polymeric carriers for successful oligonucleotide therapy. Poly-

meric carriers can encapsulate various therapeutic oligonucleotides, such as ASOs, siRNAs, miRNAs, and mRNAs, preventing the nucleolytic deg-

radation by nucleases and macrophages in blood, while the enlarged size of the polyplexes was effective to avoid renal filtration. When the

oligonucleotide-loaded polymers successfully reach disease cells by passing through extracellular matrix, the anionic oligonucleotides neutral-

ized by the cationic polymers are well accepted by negatively charged cell membranes, promoting cellular uptakes. When the various oligonucle-

otides are internalized into the cytoplasm of disease cells, their therapeutic mechanisms are quite different. ASOs can directly bind to pre-mRNAs

in nucleus or to mRNAs in cytosol in inhibiting target genes. siRNAs and miRNAs are required to form RNA-induced silencing complexes (RISCs)

in cytosol, and the RISCs degrade target mRNAs to inhibit further translation; while siRNAs are specific to bind one target gene, less specific miR-

NAs enable recognition of multiple mRNAs, leading to multiple gene silencing. mRNAs are decoded by ribosome in cytoplasm, inducing protein

expression for vaccination and therapy.
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carriers, sustained release of ASOs has been achievable.71

Cationic polymers have been frequently used to decrease the

electrostatic repulsive force between ASOs and cell membranes,

thereby improving the ASOs’ cellular uptake.70 Amine-rich PEI has

a high density of positive charge, so it can be well combined

with the negatively charged ASOs by electrostatic interactions.

Because the net charge of ASO/PEI complex can become neu-

tral, the electrostatic repulsion against the negatively charged

cell membranes can be cancelled. Moreover, as the PEI can load

lots of negatively charged oligonucleotides, including the ASOs,

there have been many studies that utilized the cationic PEI as

an oligonucleotide drug carrier.23,72 In one study, the PEI/ASO

complex was delivered into the human bladder carcinoma cell

(T24) for inhibition of Ha-ras mRNA, one of the oncogenes.73

Compared to the native ASOs without the PEI carrier, the PEI/

ASO complex increased cellular uptakes by 750%, confirming

the usefulness of the PEI in neutralizing the negative charge of

ASOs to improve the cellular uptake efficiency.

Importantly, ASOs are highly susceptible to nucleases, so they

can be rapidly degraded in serum. This means that the therapeutic

ASOs are necessary to be protected by nuclease-resistant carri-

ers, which is effective to maintain the concentrations of the ASOs

above a certain level for high therapeutic efficacy.74 Accordingly,

many studies have been conducted to develop polymeric carri-

ers which can protect the ASOs from nucleases and simultane-

ously release them in a sustained manner. To this end, biodegradable

polymers have often been studied,75 and among them, poly(lac-

tic-co-glycolic acid) (PLGA) has been widely used because this

polymer is degraded into lactic acids and glycolic acids by esterase

in our bodies and eventually decomposed into carbon dioxide and

water through the Krebs cycle.76 Even after phosphodiester modifi-

cation, the ASOs were reported to be completely decomposed

in serum within an hour, but the ASOs combined with the PLGA

retained their full length over 21 days, enabling a sustainable

release with more than a 500-fold enhancement in in vivo sta-

bility.77

3.1.2. siRNA

Compared to other therapeutic oligonucleotides, siRNA would be

the most specific for gene silencing.78,79 It can effectively downregu-

late the expression of undesired gene by explicitly recognizing tar-

get mRNA, and its gene silencing effect is more reproducible

than that of ASO.80 When we know the sequence of the target

gene, the gene-specific siRNA can be easily designed and synthe-

sized, so the siRNA therapy has attracted the strong attention

for treating various diseases, ranging from cancers to even chronic

and genetic disorders.79 However, similar with ASOs, poor cel-

lular uptake and nucleolytic degradation by nucleases hampers

the efficacy of the therapeutic siRNA,79 and importantly, the siRNA

is easily cleared by kidney due to its small size.63 To overcome

these critical barriers, the siRNA inevitably requires a carrier

such as a polymeric nanoparticle.

PEGylation is an effective way to enhance in vivo stability of

siRNA, which is vulnerable to degradation by nucleases and

macrophages in the body. The siRNA has a well-defined struc-

ture as a double-stranded RNA, and its length is quite short (19

to 23 bp), yielding low molecular weight (13~15 kDa).81 Because

of the small volume, the siRNA is easily removed from the body

by kidney filtration. Considering the pore size of the glomeru-

lar filtration barrier is 8 nm, the siRNA carrier should be enlarged

up to 20 nm in diameter.82 The PEGylation can make the siRNA

resist against nucleases and opsonins by steric hindrance, because

highly flexible PEG chains can coordinate many water molecules

to increase the hydrodynamic volume of the PEGylated siRNA.83

For example, while naked 25 kDa PEI protected only 9% of siRNA

from RNases, the PEIs with 2, 5, and 20 kDa PEGs prevented the

decomposition of siRNA more efficiently, and after 0.5 hr, 32%,

68%, and 92% of the loaded siRNAs remained, respectively.84

This result showed that PEGylation can provide the sterically

shielding effect to siRNAs and the shielding efficiency depends

on the length of PEG chains.

Low transfection efficiency of siRNAs is one of the biggest

problems in siRNA delivery, and copolymers with cleavable bonds

can enhance endosomal release of the oligonucleotides, thereby

promoting their transfection into cells. By PEGylation, the vol-

ume of polymeric nanoparticles can become sufficiently large

to avoid renal filtration and prevent non-specific interactions

with opsonin. However, the PEGylation lowers the specificity of

plasma membranes, resulting in a reduction of cellular uptake

and endosomal escape.85 Even though the cellular uptake can

be overcome to some extent with the help of membrane recep-

tor ligands, the use of the ligands is insufficient to address the

inefficient endosomal release of siRNAs. As the gene regulation

process occurs in cytoplasm, the siRNA should be released from

the endosome to form the RNA-Induced Silencing Complex

(RISC).79 To improve the endosomal release of siRNAs, reducible

poly(triethylenetetramine/cystamine bisacrylamide) (poly(TETA/

CBA)) nanoparticles were developed.86 Disulfide linkages in CBA

were cleaved by glutathione (GSH), which is abundant in the

cytoplasm, so as liberated from the polymeric carriers, the siR-

NAs were encouraged to release for the endosome. In this study,

the use of poly(TETA/CBA) carrying siRNAs resulted in twice

less expression of vascular endothelial growth factor (VEGF)

than that of linear PEI in human prostate cancer cells (PC-3).

This effective suppression of VEGF was caused by GSH-respon-

sive cleavage of disulfide bonds within the polymeric carriers;

when buthionine sulfoximine, a GSH inhibitor, was present, there

was no difference in the level of VEGF expression, regardless of

the presence of poly(TETA/CBA) carriers.

3.1.3. miRNA

siRNA and miRNA share some similarities in that both oligonu-

cleotides possess duplex forms and need to form RISC for gene

regulation. However, whereas the siRNA is highly specific to

one target gene, the miRNA is capable of recognizing multiple

mRNA targets.87 Previous studies reported that more than

60% of all protein-coding genes have at least one conserved

binding site with miRNAs.88 Moreover, approximately 50% of

miRNA-targeting genes are found at cancer-associated genomic

regions or fragile sites.89 By taking advantage of the miRNA’s

multi-targeting capability and close relationship with cancer dis-

eases, miRNA therapy can become a promising treatment for

multigenic diseases, including various types of cancers.90

By delivering miRNAs complexed with cationic polymers, it



Macromolecular Research

Macromol. Res., 29(10), 665-680 (2021) 671 © The Polymer Society of Korea and Springer 2021

was demonstrated that multiple genes associated with colon car-

cinoma can be regulated simultaneously.91 If only one gene is

regulated to treat multigenic diseases, it may have a less thera-

peutic effect. As cancer is involved with highly complicated mech-

anisms, delivery of multi-targeting miRNAs would be highly effective.

In this study, chemically unmodified miRNAs were complexed

with cationic PEIs, which displayed the improved therapeutic

effects in a mouse model of colon carcinoma. The therapeutic

effect of two different miRNAs, miR-145 and miR-33a, were

investigated; miR-145 has an important role in reducing tumor

proliferation and increasing apoptosis, and miR-33a is capable

of downregulating the oncogenic kinase, Pim-1. After PEI/miR-

145 complexes were injected into a xenograft mouse model,

almost 50% decrease of tumor volume was detected over 23

days. In contrast, the injection of PEI/nonspecific RNA com-

plexes resulted in an approximately 15-fold increase in tumor

volume. The PEI/miR-33a treatment was also effective to reduce

tumor growth. When the PEI/miR-33a was treated to a tumor-

bearing mouse, approximately 40% reduction of tumor growth

was observed in comparison with the PEI/nonspecific RNA as

a negative control.

3.1.4. mRNA

Compared to other oligonucleotides for gene silencing, mRNAs

are delivered into the cells for protein expression, holding broader

therapeutic potential. However, as the mRNAs are significantly

large and hydrophilic, their intracellular delivery is generally

more challenging than that of other therapeutic oligonucleotides.

The mRNAs contain open reading frames (ORFs), along with

5’ capping and 3’ poly-A tailing, to be translated by ribosome.

Their molecular weight roughly ranges from 300 to 5000 kDa,

which is much larger than that of other oligonucleotides in thera-

peutics (ASO: 4~10 kDa and siRNA: ~15 kDa).92 Some early stud-

ies have demonstrated the ability of naked mRNAs when internalized

into cells via scavenger-receptor mediated endocytosis.93 How-

ever, it is challenging for the naked mRNAs to diffuse across cell

membranes, due to their large size and negatively charged back-

bones. Nevertheless, the advantage of mRNA delivery is clear;

compared to pDNAs, mRNAs are used for transient, yet rapid

expression of therapeutically useful proteins, making the mRNAs

highly valuable for a safe and fast gene therapy.94 Currently,

several studies of mRNA delivery have focused on therapeutic

applications, such as vaccination, protein therapy, and gene

editing.95,96

To load the large mRNAs, polymeric carriers, which are bio-

compatible and biodegradable, are inherently necessary to be

composed of large-sized polymers. The terpolymer of poly(β-

amino ester)-co-poly-ε-caprolactone (pBAE-co-PCL) was devel-

oped as an mRNA carrier through ring open polymerization

(ROP).97 The pBAE is suitable for mRNA delivery; this cationic

polymer is less toxic than others to cells and can be synthesized

from more than 2000 libraries with no byproducts, allowing

easy post-modifications.98 The PCL is a commonly used biode-

gradable and biocompatible polymer for oligonucleotide deliv-

ery, due to its high colloidal stability and facile cellular uptake by

endocytosis.17 The pBAE-co-PCL-based terpolymer was com-

plexed with the mRNAs coding for firefly luciferase, and the result-

ing complex was given to mice by intravenous (IV) injection. As

a result, it showed a 5-times higher transfection efficiency in

spleen than the mRNAs complexed with jetPEI, a commercial

transfection reagent.

Recently, there have been several studies to treat lung-related

diseases using a drug delivery system (DDS) through inhala-

tion.99 Unlike the DDS by IV injection, that by inhalation accom-

panies a nebulization process, making the inhalation delivery

challenging. Polymeric nanoparticles are more suitable for the

inhaled delivery than other nanoparticles, such as lipid-based

nanoparticles, due to their higher resistance to the shear force

caused by the nebulization.100 For the inhaled mRNA delivery,

hyperbranched pBAE has been developed and applied to the

treatment of lung-related diseases.101 The branched structures

of pBAE are more stable and have greater positive surface charge

than its linear structures, so the use of the hyperbranched struc-

tures could be applicable for inhalation. When the hyperbranched

pBAE with the mRNAs coding luciferase genes were inhaled

every three days, 10-times larger luciferase proteins were pro-

duced compared to the linear PEI, and no symptom of local and

systemic toxicity was observed.

To maximize mRNA transfection efficiency, one study con-

trolled the end-group composition and molecular weight of

poly(amine-co-ester) (PACE), which is composed of cationic diol

monomers, lactone monomers, and diacid monomers.102 Cat-

ionic diol monomers provide a low cationic charge density,

leading to electrostatic interactions with mRNAs when lactone

monomers stabilize the polyplex using hydrophobic interac-

tions. In addition, use of diacid monomers allows the main chain

of the polymer to contain biodegradable ester bonds. Previ-

ously, the same group demonstrated the therapeutic efficiency

of PACE/pDNA polyplexes,103 and at this time, the dependence

of mRNA transfection efficiency on the molecular weight and

end-group composition of PACE was thoroughly clarified. As

the molecular weight of PACE decreased from 20 kDa to 5 kDa,

the transfection efficiency of mRNAs increased 100-fold. This

tendency reached a plateau at 5 kDa, but the transfection effi-

ciency at 2 kDa dramatically dropped, providing the guideline

in choosing the molecular weight of PACE for efficient mRNA

delivery. In addition, methylamino ethanol (-MAE) and carboxyl (-

COOH) groups as end-groups of PACE were investigated in the

same work. The result showed that 5 kDa PACE-MAE encapsu-

lated 98% of mRNAs, while PACE-COOH of the same MW did only

18%, indicating the end-group dependency in mRNA loading.

3.2. Stimuli-responsive polymeric carriers

Even after low in vivo stability and short circulation time of thera-

peutic oligonucleotides are addressed well by use of polymeric

carriers, the carriers can be further evolved to be stimuli-respon-

sive; the stimuli-responsive carriers can be highly useful for

preventing side effects and improving transfection efficiency,

thereby enhancing therapeutic effects.104 If specifically loaded

molecules are selectively released at a desired location and time,

the smart carriers can avoid potential side effects to healthy tis-

sues and organs. Moreover, their capability to selectively unload

the delivered oligonucleotides within endosome is valuable for
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improving the transfection efficiency of the oligonucleotides.

For therapeutic applications, the stimuli that polymeric carriers

can be responsive to could be divided into two categories: (1)

endogenous stimuli, such as pH, redox levels, and enzyme con-

centrations, and (2) exogenous stimuli, such as heat, ultrasound,

light, and magnetic field. The endogenous stimulus response sys-

tem can achieve precise spatial control by spontaneously releas-

ing the loaded molecules when the oligonucleotide-carrying

carrier arrives at the disease-specific environments. On the other

hand, the exogenous stimulus response system requires exter-

nal triggers, but it can exhibit a significantly high transfection

efficiency and temporal control accuracy through immediate

release at the local area with the external stimuli.

3.2.1. Endogenous stimuli

The environment of abnormal cells, such as tumors, differs

from that of normal cells; for example, most tumor cells exhibit

relatively low pH, produce abundant ROS, and overexpress

specific enzymes, compared to normal cells.35 When polymeric

carriers are designed to respond to the different environment

in releasing therapeutic oligonucleotides, the therapy can be

localized to the targeted cells, leading to higher efficacy and effi-

ciency in therapeutic effects. Considering the therapeutic mecha-

nisms of various oligonucleotides (Figure 2), the endosomal

escape of the delivered oligonucleotides is significantly import-

ant, and, there have been the advancement of polymeric carriers

in response to the distinct environment within the endosome.105

3.2.1.1. pH

pH can be a crucially important stimulus in biological systems

as it is an intrinsic property of various diseases, pathological condi-

tions, and cellular microenvironments.106,107 In particular, by

endocytosis, a cellular uptake process, drug carriers are typically

internalized into the endosome of cells, and the endosome under-

goes a maturation process to lysosome, progressively making

the internal pH decrease up to pH 4.5.108 Considering that the

pH of the cytoplasm is 7.4, the endosome is a unique environ-

ment to serve as a trigger of pH-responsive system that selec-

tively releases delivered oligonucleotides at low pH. Moreover,

compared to physiological pH (~7.4), the pH around tumor

and inflammatory cells is lower (6.6~6.8),52 so the polymeric

carriers capable of responding to low pH enable spatial control

in the release of therapeutic oligonucleotides. Given the intrinsic

pH of the physiological and pathological microenvironments,

the oligonucleotide delivery based on the polymeric carriers

with pH-responsive moieties can be an excellent way to improve

the therapeutic efficiency of the delivered oligonucleotides with-

out adverse effects.

When polymeric carriers include pH-responsive linkers,

they can enhance cellular uptake by breaking down the size of

the carriers near desired locations, such as tumor cells. Even

though PEGylation improves the in vivo stability of therapeutic

oligonucleotides, it lowers the cellular uptake of the resulting

large particles.109 The siRNA-loaded polymeric nanoparticles

wherein PEG is linked by an acid-cleavable amide bond (Dlink)

were developed, and their behavior near tumor cells was sub-

sequently investigated.110 In response to acidic pH, the Dlink-

containing nanoparticles increased the release rate of siRNAs

by 60% compared to the nanoparticles permanently linked

with PEG. The pH-responsive displacement of PEGs from the

Dlink-containing nanoparticles was effective to improve their

gene silencing efficiency; while the silencing efficiency of Plk1

siRNAs was 66.9% at pH 7.4, it increased to 80.2% at pH 6.5.

Moreover, when the same dose was administered to mice, the

tumor weight decreased from 0.54 g to 0.29 g, confirming that

the acid-cleavable linker system can exhibit high tumor sup-

pression efficacy according to its pH-responsive ability.

Chemically modified cationic polymers can be used to pro-

mote oligonucleotide releasing by inducing disruption of endo-

somal membrane at low pH.111 Positively charged PEI has been

widely used due to its high loading capacity of oligonucleotides,

and its proton sponge effect is attracting the strong attention

for pH-responsive oligonucleotide releasing.42 This effect has

been observed in certain cationic polymers containing proton-

atable groups by endosomal pH. When endosomal acidification

proceeds, the polymeric carriers are further protonated, and

counter ions (e.g., Cl-) and water enter the endosome to neu-

tralize them. For this reason, the endosome becomes swollen

and eventually ruptured, making the internalized oligonucle-

otides diffuse in cytoplasm. To exploit the protonation by endo-

somal acidification, a PEI derivative, poly[N-[N-(2-aminoethyl)-2-

aminoethyl]aspartamide] (p[Asp(DET)]) has been developed,

and its transfection efficiency of delivered oligonucleotides was

examined (Figure 4(A)).112 This polymer exhibited two differ-

ent pKa values, resulting in diprotonation at endosomal pH, so

it strongly interacted with vesicular membranes, thereby effi-

ciently releasing the carried oligonucleotides through mem-

brane disruption. In an in vivo test to mice, this polymeric carrier

achieved nearly 600% decrease in target protein expression by

successful oligonucleotide release into cytoplasm. In addition

to the p[Asp(DET)], various cationic polymers, including poly(N,N-

dimethylamino ethyl methacrylate) (pDMAEMA), have been

evaluated for their in vitro and in vivo uses.113

3.2.1.2. Redox level

There are many different redox agents, such as nicotinamide ade-

nine dinucleotide phosphate, and GSH in the extracellular or

intracellular environments of disease-related tissues and cells,

and these redox agents play various roles including modulation of

cell growth, differentiation, and even death.114 Among them, the

most well-known reducing agent would be GSH, of which level

is twice higher in the intracellular environment (i.e., endosome)

than in the extracellular environment, and importantly, the GSH

level increases up to 1000 times in disease-related milieu.115 As

ROS involves in cellular signaling, pathogenic resistance, homeo-

stasis, immunity, cell growth and differentiation, it has been also

therapeutically important; it is known to be overexpressed near

several disease cells.116 Therefore, there have been many stud-

ies to enable spatially controllable release of oligonucleotides

by responding to the disease-specific redox level change.117,118

By incorporating disulfide bonds into polymers, the oligonu-

cleotide carriers can be responsive to intracellular milieu, which

can be a great way to enhance the blood circulation time and the

cellular uptake of therapeutic oligonucleotides together.119,120
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While high molecular-weight polymers can be advantageous

for avoiding renal filtration, low molecular-weight polymers can

be more easily internalized into cells. This means that to improve

the therapeutic efficacy, the polymeric carriers should not be

degraded outside cells, but selectively inside the cells. This selective

degradation capability can be achieved by the development of

disulfide bond-containing polymers, which can be separated

into low molecular-weight polymers by GSH-induced reduc-

tion at specific locations.121,122 To assess the therapeutic useful-

ness of the spatioselective cleavage, three different types of

polymeric carriers were synthesized; while two PEI polymers

had different molecular weight (PEI25: 25 kDa and PEI1.8: 1.8

kDa), the third one (ssPEI1.8) was prepared by linearly linking

1.8 kDa PEI through cleavable disulfide linkers, thereby yield-

ing a molecular weight of 25 kDa.119 Compared to the cytotoxic

PEI25, PEI1.8 showed the improved cell viability (up to 250%),

and interestingly, the effect of ssPEI1.8 was similar with that of

PEI1.8. Despite the similar size, ssPEI1.8 carrying oligonucle-

otide drugs exhibited 3 times higher transfection efficiency than

PEI25. Similar trends have been observed in various in vitro

and in vivo assessments.123-125

The level of ROS, such as superoxides, hydrogen peroxides,

peroxyl radicals, and hydroxyl radicals, can be also great to trig-

ger the spatially controlled oligonucleotide release; the ROS

involves in regulating cell signaling, but abundant ROS can induce

oxidative stress, by which various diseases (e.g., cancer, inflam-

mation, cardiovascular disease, and Alzheimer’s disease) can

occur.126, 127 These diseases have their own pathways to locally

produce a high level of ROS, so the disease sites have 10~100

times higher ROS concentrations than normal tissues.128 An ROS-

responsive polymeric carrier using poly(amine thioketal) (PATK)

was used for targeted oligonucleotide delivery to cancer cells.129

The half-lives of the polymer were 48, 20, and 11hours in 50 mM,

100 mM, and 200 mM H2O2 solutions, respectively, indicating

that the degradation of PATK heavily depends on the H2O2 con-

centrations. Compared to non-cancerous cells, The PATK with

oligonucleotide drugs displayed ~60% higher transfection effi-

ciency to cancerous cells, proving the potential of ROS-respon-

sive polymers for disease-selective oligonucleotide delivery.

The exceptional stimulus specificity of ROS-responsive poly-

mers enabled their application in oral oligonucleotide delivery

(Figure 4(B)).130 In this work, siRNA-loaded thioketal nanopar-

ticles were orally delivered to inhibit TNF-α on intestinal inflam-

mation. With a daily oral gavage of the nanoparticles, biodistribution

of siRNAs in the organs of mice was investigated. As a result, the

orally delivered siRNAs were highly localized in the inflamed

Figure 4. Development of stimuli-responsive polymers to improve the therapeutic efficacy of delivered oligonucleotides. (A) pH-responsive

polymeric carrier using poly[N-[N-(2-aminoethyl)-2-aminoethyl]aspartamide] (p[Asp(DET)]). The p[Asp(DET)] has two different protonatable

moieties; one is protonated at pH 7.4, i.e., the pH of extracellular matrix and cytoplasm, and the other is protonated at pH 5.5, which can be

reached during endosomal acidification. The diprotonated polymer can induce membrane disruption by strongly interacted with vesicular mem-

branes, thereby making therapeutic oligonucleotides escaped from the endosome. (B) ROS-responsive polymeric carrier system including thio-

ketal groups. The thioketal group-including polymeric carriers respond to a high level of ROS on inflammation sites. Due to the specificity of the

ROS-sensitive linkers, the ROS-responsive polymers enable oral oligonucleotide delivery. When the polymeric nanoparticles loaded with TNF-α

siRNAs were administered to mice by oral gavage, the TNF-α siRNAs were exceptionally localized in the inflamed intestinal tissues, leading to

effective degradation of TNF-α mRNAs. (C) Enzyme-responsive polymeric carrier system that contains cleavable moieties by matrix metallopro-

teinase 2 (MMP-2), one of the proteases. As the MMP-2 is generally overexpressed in disease cells such as cancer cells and inflammatory cells, the

polymeric carriers can detach the polyethylene glycol (PEG) blocks in the presence of MMP-2 on tumors, promoting the cellular uptake of the

smaller and more hydrophobic polyplexes.
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intestinal tissues; compared to the liver, the intestine had 3

times more populated siRNAs, confirming the selective release

of the delivered siRNAs in the inflamed tissues. The transfec-

tion efficiency of the thioketal nanoparticles was significantly

high; as the transfected TNA-α siRNA was used to degrade the

TNF-α mRNA, the amounts of TNF-α mRNAs was decreased by

l0 times compared to the siRNA delivery without the ROS-

responsive carriers. As the high level of ROS is a major and

unique marker of diseases, a variety of ROS-responsive, poly-

meric oligonucleotide carriers have been studied as safe and

efficient delivery systems.129,131,132

3.2.1.3. Enzyme concentration

As biocatalyst, enzymes involve in various reactions in our bod-

ies. The biochemical processes are performed at specific condi-

tions due to the environment-dependent activity of the

enzymes, and to initiate the reactions, the biological enzymes

are necessary to recognize target substrates selectively.133,134

Moreover, dysfunctions of cells can cause some enzymes to be

highly overexpressed in tumors and inflammatory tissues. Such

disease-relevant enzyme overexpression is significantly useful

for developing stimuli-responsive systems, including smart oli-

gonucleotide drug delivery. For example, when polymeric car-

riers are synthesized to include substrate-mimicking moieties,

they can be recognized by the enzymes overexpressed by dis-

ease cells. The enzyme-responsive polymeric carriers would be

valuable for lowering the side effects, but increasing the thera-

peutic efficiency through releasing oligonucleotide in targeted

sites only.135,136

Proteases that involve in cell proliferation, invasion, and

apoptosis are one of the most suitable enzymes for enzyme-

responsive oligonucleotide delivery as they are upregulated in

diseases such as cancer and inflammation.137 Among various

proteases, matrix metalloproteinase 2 (MMP-2) was chosen to

develop siRNA-loaded polymeric carriers;138 the MMP-2 is an

enzyme engaged in the degradation of extracellular matrix as

overexpressed by almost all tumors.35,139,140 To make the poly-

meric carrier recognizable as the substrate of MMP-2, MMP-2-

degradable peptides, LAGs, were used as bridges between PEGs

and PCLs within the synthetic polymer (Figure 4(C)). In the

presence of MMP-2, the LAG bridges were successfully cleaved,

so PEG chains were subsequently displaced from the polymeric

carrier. This PEG displacement resulted in reducing the size of

siRNA-loaded carrier, thereby improving its cellular uptake. In

in vivo mice model, the MMP-2-responsive polymeric carrier

selectively delivered siRNAs into tumor tissues, reducing the

tumor volume by 63%. Due to the environment specificity, vari-

ous enzyme-responsive systems have been recently developed

for effective oligonucleotide delivery.141

3.2.2. Exogenous stimuli

By artificially generated external stimuli, spatiotemporal con-

trol of oligonucleotide-releasing system is achievable to increase

the therapeutic efficiency of oligonucleotides. For clinical appli-

cations, a large dose of oligonucleotides is administered to patients

for a long time to result in a practical therapeutic effect. More-

over, in terms of inter-patient variability, the levels of endoge-

nous stimuli can be quite different among individuals, making

the same endogenous stimuli-responsive system not generally

applicable for all the patients.142 To solve these problems, exog-

enous stimuli can be exploited in developing the smart oligonu-

cleotide drug carriers; it is possible to precisely control the release

of oligonucleotides by adjusting various parameters, including

exposure time of heat, frequency of ultrasound, and wavelength of

light.104,114,118 Moreover, when the oligonucleotide drug carriers are

intravenously administered, they can release a high concentra-

tion of the therapeutic oligonucleotides at the local area where

various external stimuli are applied during blood circulation.

3.2.2.1. Heat

In pathological environments, such as tumors, the tempera-

ture can be slightly higher than that in normal physiological

environments;143 for example, malignant tumors show the tem-

perature of 40~42℃, while the temperature around normal

tissues is 36.5~37.5℃ for human beings. However, this tem-

perature difference may not be large enough for oligonucle-

otide drug carriers to use as a disease-relevant stimulus, so

raising the local temperature by external heating has been

extensively considered instead.144,145 Importantly, increasing

the local temperature cannot only induce a direct cytotoxic effect

in tumors, but also enhances the permeability of the tumors,

thereby facilitating oligonucleotide penetration.146,147 Some

polymers undergo a phase transition, changing hydrophilicity

and hydrophobicity at the lower critical solution temperature

(LCST),16 and their thermos-responsive behaviors are appro-

priate for selective oligonucleotide release.148,149 Above the LCST,

dehydration occurs as the hydrophobicity of the polymeric car-

riers increases, and the tight complexes are formed between

oligonucleotides and the polymers. These complexes can pre-

vent degradation of the loaded oligonucleotides and simultane-

ously improve the cellular uptake due to their compact structures.

In contrast, under the LCST, hydrogen bonds are newly formed

between the polar compartments of the polymers and water

molecules, so the carried oligonucleotides can be subsequently

dissociated from the polymeric carriers, which is highly advan-

tageous for the following transcription and translation.150

Poly(N-isopropylacrylamide) (PNIPAM) is a representative

LCST-type temperature-responsive polymer, widely known for

its LCST at 32℃.151 However, by adjusting the ratio of hydro-

phobic and hydrophilic groups, the LCST is controllable for

desired therapeutic applications.152 A copolymer of PEI-PNI-

PAM was synthesized for thermo-responsive oligonucleotide

delivery (Figure 5(A)), and to increase the transition tempera-

ture up to 42℃, vinylpyrrolidone was introduced in the co-

polymer as a hydrophilic monomer.153 When heat was applied,

the polymeric carrier with luciferase genes increased the gene

expression level by more than 2 orders of magnitude, compared

to no heating. In an in vivo test of mice, the polymeric carriers

with pDNAs were injected into the tumor-bearing legs, which

were incubated in a hot water bath at 42℃.154 As a result, the

transfection efficiency was more than 10 times higher than the

negative control, the mice without water bath incubation. In a

similar way, temperature-responsive polymers consisting of

synthetic polymers and polypeptides have been exploited to
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increase the transfection efficiency of delivered oligonucleotides

through heating treatment.155

3.2.2.2. Ultrasound

Using ultrasound, spatial and temporal control of oligonucle-

otide delivery system is also attainable, preventing unneces-

sary side effects on healthy tissues. This non-invasive stimulus

is quite attractive due to the easy control of frequency, expo-

sure time and duty cycles, achieving personalized ultrasound

intensities.156 Ultrasound-responsive oligonucleotide carriers

were constructed by the combination between cationic poly-

mers and microbubble-filled liposomes (Figure 5(B));157 when

ultrasound is applied to the carriers, the encapsulated micro-

bubbles rapidly expand, compress, and collapse, and this vigorous

movement can cause cavitation and sonoporation, mediating

the oligonucleotide carrier destabilization and cell membrane

permeabilization.156,157 Using these phenomena, the delivered

therapeutic oligonucleotides can be readily liberated from the

carriers and enter the cell through the transient pores formed

by the cavitation and sonoporation, thereby enhancing the

transfection efficiency. In a study, to maximize the transfection

efficiency of DNAs, various parameters such as acoustic pres-

sures, microbubble concentrations, and DNA dosages have been

tested.158 At an optimal condition, the ultrasound treatment increased

the gene expression level by 100 times compared to no treat-

ment. Along with the ultrasound, various stimuli, such as pH

and temperature, have been exploited together to develop dual

or multi-responsive oligonucleotide carriers.159

3.2.2.3. Light

Light is also an exogenous and non-invasive stimulus applica-

ble for the oligonucleotide delivery by adjusting its wavelength,

polarity, intensity and duration. Currently, ultraviolet (UV) has

been frequently used as the external stimulus for selective release

of therapeutic oligonucleotides, even though the penetration

depth of UV radiation in human skin is quite shallow.160,161 The

UV has more energy than the other types of light, so it can eas-

ily induce chemical cleavage and isomerization of various UV-

Figure 5. Development of polymeric carriers that utilize exogenous stimuli for selective release of oligonucleotides. (A) Heat-responsive poly-

meric carriers using poly(N-isopropylacrylamide) (PNIPAM)-PEI to enhance cellular uptake and endosomal escape of oligonucleotides. PNIPAM

is one of the representative temperature-sensitive polymers featuring lower critical solution temperature (LCST). When the temperature

becomes higher than LCST by external heating, the PNIPAM undergoes hydrophilic-hydrophobic phase transition, resulting in globulization of

polymer chains in an aqueous solution. Due to hydrophobic interactions, the polymeric carriers can be aggregated each other, followed by the

endocytosis of the resulting aggregates. Compared to individual polymeric carriers (left), the aggregated ones (right) are eager to make a stron-

ger proton sponge effect; in this way, by heat stimuli, the heat-responsive polymers enhance the endosomal escape of the delivered oligonucle-

otides. (B) Ultrasound-responsive polymeric carriers constructed by the combination between cationic polymers and microbubble-filled

liposomes. With the ultrasound, the microbubbles in the polymeric carriers can cause to form small pores at cell membranes through sonopora-

tion and cavitation. Through the pores, the delivered oligonucleotides easily enter the cells, thereby improving transfection and therapeutic effi-

ciency. (C) UV-responsive polymeric carriers based on poly(β-amino ester) (pBAE). When non-degradable pBAE chains are synthetized to

include UV-cleavable nitrobenzyl groups, the resulting polymeric carriers can be rapidly decomposed upon external UV irradiation, which can be

synchronized with the release of encapsulated oligonucleotides. (D) Magnetic field-responsive nano-composites for therapeutic oligonucleotide

delivery. When the surface of superparamagnetic iron oxide nanoparticles (SPIONs) is modified with PEI, therapeutic oligonucleotides, such as

miRNA-encoding plasmid DNAs (pDNAs) can be well-loaded on the magnetic nano-composites. When the SPIONs with pDNAs are injected into a

body, they can be selectively localized on tumor sites during blood circulation by use of a magnet. Due to the high concentrations of pDNAs

around the tumors, their transfection efficiency can be improved with the increase of miRNA transcription.
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reactive moieties, which is highly suitable for selective degra-

dation of polymeric carriers and oligonucleotide release.104,162

For instance, isomeric transformation of azobenzene group by

UV can be used as a trigger for the oligonucleotide release of poly-

meric carriers to increase the efficiency of oligonucleotide trans-

fection.163,164 When irradiated with 350 nm UV light, the azobenzene

group is converted from a hydrophobic trans-isomer to a hydro-

philic cis-isomer, and in the presence of visible light at 436 nm,

it is converted back to the trans form. The hydrophobic trans-

isomers can facilitate dense and stable packing of oligonucle-

otides within the polymeric carrier, but upon UV exposure, a

large number of oligonucleotides can be rapidly released as the

formation of hydrophilic cis-isomers causes unpacking of the

hydrophilic oligonucleotides. For a light-responsive oligonucle-

otide delivery carrier, the polymer composed of a central azoben-

zene moiety and two terminal pDMAEMA blocks (Azo-pDMAEMA)

was synthesized, and its transfection efficiency was examined

by an in vitro cell test.165 With UV irradiation on the Azo-pDMAEMA,

the delivered oligonucleotides were transfected into the cells

more efficiently than without irradiation, yielding up to 2.7 times

higher efficiency. The cytotoxic effect of the UV irradiation was

minimal; there was no significant change in the cell viability

when measured after 15-minute UV exposure.

A UV-cleavable nitrobenzyl group can be introduced into a

polymeric carrier to accelerate its degradation for the immedi-

ate release of therapeutic oligonucleotides. pBAE is widely

used for the material of oligonucleotide delivery carriers due to

its synthesis easiness and versatility. However, this ester link-

age-containing polymer is too slowly degraded by hydrolysis;

the degradation takes several hours to a few days under cellular

conditions, which would not be appropriate for the therapeutic

application with high concentrations of oligonucleotides.166

The 2-nitrobenzene moiety was introduced into the backbone

of pBAE for on-demand oligonucleotide release (Figure 5(C)).167

This oligonucleotide carrier improved transfection efficiency

about 70% upon 2-minute UV irradiation and showed negligi-

ble cytotoxicity. Similarly, other types of light-responsive linkers

have been introduced to various polymers, which would be highly

useful to rapidly release a high concentration of oligonucleotides

without notable toxicity.168,169

3.2.2.4. Magnetic field

When synthetic polymers are combined with magnetic nanoparti-

cles, the resulting nano-composites can be the great carriers

capable of localizing oligonucleotides in a body as guided by a

magnetic field, another non-invasive stimulus. For example, by

applying the exogenous magnetic field to tumors, the magnetic

nanoparticles during blood circulation can be concentrated near

the disease sites. However, as unmodified nanoparticles cannot

readily capture therapeutic oligonucleotides, surface modifica-

tion with cationic polymers, such as PEI, N-acylated chitosan,

and polylysine, should be performed to electrostatically load

the negatively charged oligonucleotides.170 Superparamagnetic

iron oxide nanoparticles (SPIONs) have been chemically coated

with chondroitin sulfate-PEI copolymers for miRNA-encoding

pDNA delivery (Figure 5(D)).171 While the PEIs hold the pDNAs

for miRNA-128 transcription on the surface of the SPIONs, the

chondroitin sulfates were labeled to the nano-composites for

active tumor targeting and CD44-mediated endocytosis. In the

presence of the magnetic field, the site-specific accumulation of the

nano-composites were successfully induced; when a static

magnet was placed on the xenografted tumors of mice after

injection of nanocomposites, the localized biodistribution of

the injected nanocomposites was observed within 3 hours,

along with the improved transfection of delivered pDNAs. As

the magnetic nanoparticles allow further in vivo imaging, the

oligonucleotide-carrying nano-composites can be also useful

for theranostic applications.170,172

4. In vivo targeting by combination of oligonucle-
otides and polymers

Even though synthetic polymers can be prepared to be highly

responsive to many different types of endogenous and exoge-

nous stimuli, one of the most deficient abilities as effective oli-

gonucleotide carriers would be disease site targeting.173 To

maximize therapeutic efficacy with minimal adverse effects, the

therapeutic oligonucleotides should be delivered to the only

targeted cells, which are encircled by their own specific surface

receptors.174 To empower the polymeric carrier to specifically

recognize target cells, many different types of ligands, such as

monoclonal antibodies,175 receptor-specific peptides,176 and nucleic

acid aptamers,57 have been employed. Among these ligands,

aptamers are the chemically synthesized oligonucleotides, and

as they fold into desired conformations at specific conditions,

they are capable of recognizing many kinds of targets including

cell surface receptors.56 Interestingly, the denaturation of their

3D conformations is reversible, so unlike irreversibly denatured,

protein-based ligands, further chemical modifications in harsh

conditions are allowed, making the aptamers readily conjugated

with a variety of highly structured polymers.177 Due to the con-

jugation availability between the aptamers and the polymers,

tree-like or star-like dendrimers and hyperbranched polymers

have been decorated with the synthetic aptamers, and by the

multivalency effect of the polymer-decorating aptamers, the

resulting hybrid carrier exhibited the enhanced targeting capa-

bility, revealing the potential for target-specific oligonucleotide

delivery.178

By chemically conjugating cancer cell-targeting aptamers

with the PEG-based polymers capable of controlled drug release,

aptamer-polymer hybrid (APH) molecules (<10 nm in diameter)

were created for the programmed drug release only into cancer

cells.179 Using click chemistry, one nucleolin-specific aptamer

and one block copolymer, composed of ethylene glycol and eth-

ylene glycol vinyl glycidyl ether, were site-specifically conju-

gated to produce the APH molecule; even after the conjugation

reaction in organic solvents, the aptamer within the APH main-

tained the high affinity to target cancer cells. Moreover, multi-

ple chemotherapy drugs, doxorubicin, were further conjugated

to the polymer through enzyme-cleavable linkers with a high

yield, so when the APH was internalized in the cell, the deliv-

ered drugs could be selectively released due to the linker cleav-

age by endosomal esterases. The APH specifically recognized

breast cancer cells that overexpressed nucleolin on their cell
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surfaces, and successfully released the chemotherapy drugs

within the endosomes of the only targeted cells, decreasing the

cell viability up to 64%. In contrast, the healthy cells were not

targeted at all by the APH, and no internalization and drug

release was observed, indicating the minimal side effect by the

use of the APH drug carrier.

Rather than a single aptamer, multiple cancer-specific aptam-

ers have been conjugated to a poly(amidoamine) (PAMAM)

dendrimer nanocarrier to improve cell targeting and transfec-

tion efficiency.180 The PAMAM dendrimer possessed a large empty

inner space, which could load hydrophobic drugs, such as

camptothecin (CPT) that is commonly used for colorectal cancer

treatment. At the sphere surface of the dendrimer, functional

end groups were located, so a number of aptamers could be

conjugated for surrounding the dendrimer carrier, leading to

enhancement of binding interactions with target receptors.

When the aptamer-decorated dendrimer loaded the CPT, the

encapsulation efficiency was almost 100%, and the improved

target binding and cytotoxicity to colorectal cancer cells were

observed in in vitro and in vivo experiments.

5. Application of oligonucleotide-polymer polyplex
to immunotherapy

Currently, the treatment paradigm for cancer is rapidly chang-

ing from chemotherapy, the treatment by chemical substances,

to immunotherapy in which immune cells are activated for kill-

ing malignant cells.181,182 In promoting the ability of T-cells to

specifically target cancer cells, chimeric antigen receptor (CAR)

genes are necessary to be transfected into the T-cells, and the

simultaneous delivery of both antigens and CpG oligodeoxynu-

cleotides to the immune cells would be effective to activate the

immune system in our bodies.183,184 To address this need, there

have been different types of polymeric carriers for co-drug deliv-

ery, which have great advantages in drug loading capacity com-

pared to viral vectors that have a limit on the size of cargo drug

(e.g., ~10 kb for lentiviral vectors).185 Moreover, the polymeric

carriers can be functionalized to be responsive to various stimuli,

such as pH; for instance, selective endosomal release of deliv-

ered oligonucleotides is achievable for increasing their trans-

fection efficiency. In this last chapter, we introduced some examples

of immunotherapy using copolymer oligonucleotide carriers.

Graft copolymers have been used to efficiently transfer CAR

gene-encoding pDNAs or mRNAs into T-cells.186 T lymphocytes

play a key role in recognition and clearance of antigens. How-

ever, tumors secrete several immunosuppressive cytokines, so

T-cell activation is significantly interfered.187 To avoid the inter-

ference of T-cell activation, the CAR gene is necessary to be trans-

fected into the T-cells, and the genetically modified T-cells can

specifically bind to the receptors of cancer cells, recovering the

immune response.188 Comb-shaped and sunflower-shaped graft

copolymers were developed to deliver pDNAs and mRNAs into

T-cells and poly(2-hydroxyethyl methacrylate) and poly(2-(dime-

thylamino)ethyl methacrylate) were used to synthesized the graft

copolymers with various molecular weights. The graft copoly-

mers efficiently transfected pDNAs into T-cells (25-50% in effi-

ciency) compared to bPEI, of which transfection was negligible

in serum-free medium. In particular, the comb-shaped graft

copolymer showed successful transfection of primary human

T-cells with higher efficiency than other types of copolymers,

exhibiting 18% and 25% transfection by pDNAs and mRNAs,

respectively.

By systematically designing the polymer to facilitate the

endosomal escape of delivered antigens and adjuvants, the

polymeric carrier dramatically improved the activation effi-

ciency of immune systems.189 When the adjuvants, such as CpG

oligonucleotides, are transferred along with antigens to antigen-

presenting cells, the immune response is highly promoted.184 In

this work, the di-block copolymers with two multifunctional

modules were synthesized to deliver ovalbumin (OVA) and CpG

oligonucleotides. In a block, a small percentage of pyridyl disul-

fide ethyl methacrylate was conjugated with disulfide bonds to

bind OVA antigens, and the positively charged DMAEMA con-

taining tertiary amines was included to electrostatically interact

with CpG oligodeoxynucleotides. In the other block, propy-

lacrylic acids (PAAs) were introduced for pH-responsive endo-

somal escape of delivered molecules. As the carboxylic acid residue

was protonated at endosomal pH, the PAA experienced a hydro-

philic-to-hydrophobic transition, leading to membrane disrup-

tion. The di-block copolymers with both OVAs and CpGs showed 7

times higher T-cell response compared to the co-polymer only

with OVAs. Moreover, the use of polymeric carriers was indeed

effective, exhibiting 18 times higher response than the free use

of OVAs and CpGs without carriers.

6. Conclusion and perspectives

To maximize the therapeutic effects of oligonucleotides and

minimize their adverse effects simultaneously, the therapeutic

oligonucleotides, such as ASOs, siRNAs, miRNAs, and mRNAs,

have been systematically combined with a wide range of func-

tionalized polymers. As the physical and chemical properties of

the synthetic polymers were finely tuned, the resulting oligo-

nucleotide carriers enabled loading of numerous oligonucle-

otides and their subsequent delivery to disease sites without

renal clearance or nucleolytic degradation. Moreover, the poly-

meric carriers have been further engineered to respond to var-

ious endogenous and exogenous stimuli; the release of therapeutic

oligonucleotides was highly localized to disease tissues, and

the endosomal escape of the large oligonucleotides was signifi-

cantly promoted, thereby increasing therapeutic efficacy and

efficiency dramatically with reduced side effects. Currently,

several clinical trials are ongoing based on the systematic com-

bination of oligonucleotides and polymers,190 and the medical

uses of the synergistic combination (e.g., immunotherapy) are

also expanding.191

Even though oligonucleotides and polymers have comple-

mented each other to actualize highly effective and efficient oli-

gonucleotide therapy, several issues still remain. For example,

inherent cytotoxicity of the polymer and relevant side effects

should be mitigated. The cytotoxicity of polymeric carriers is

typically attributed to their cationic surface charge and hydro-

phobicity, which are though essential for them to transfect dis-

ease cells with the therapeutic oligonucleotides.192 With a better
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understanding of cellular uptake and disease action mecha-

nisms, various disease-specific stimuli could be further explored

to develop the polymeric carriers that can become cationic or

hydrophobic at desired locations only. The administered dose

of the oligonucleotide-loaded polymers is also critical in terms

of the side effects; by reducing the dosage, the side effects of oli-

gonucleotides and polymers would be less influential, and

importantly, the reduction of the medical care costs would be

expected additionally. Moreover, as specifically folding oligo-

nucleotides, i.e., aptamers, can recognize target cells like mono-

clonal antibodies, the incorporation of the synthetic affinity

reagents can strengthen the power of synthetic polymers toward

creation of target-specific oligonucleotide carriers. Furthermore,

to solve the off-target effects of simply designed, therapeutic

oligonucleotides, it can be considered to deliver the self-regu-

lating oligonucleotides by polymeric carriers. By systemati-

cally incorporating toehold switches and riboswitches into the

therapeutic oligonucleotides, the expression of the resulting

oligonucleotides can be regulated by intracellular levels of dis-

ease-related biomolecules,30,193 which could be highly effective

to increase the safety of oligonucleotide therapeutics in clinical

use. With all efforts, we envision the development of safer and

more effective combinations between therapeutic oligonucle-

otides and polymers, holding the potential for the next genera-

tion therapy even applicable for lots of rare or currently untreatable

diseases.
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